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CERN Axion Solar Telescope as a probe of large extra dimensions 
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We explore the potential of the CERN Axion Solar Telescope (CAST) for testing the presence of 
large extra dimensions. The CAST experiment has originally been proposed to search for solar axions 
with a sensitivity supposed to provide a limit on the axion-photon coupling g all < 5 x 10 -11 GeV -1 
or even lower. The expected bound on the coupling constant is by a factor often more stringent than 
the current experimental results. This bound extends for the first time beyond the limit dictated 
by astrophysical considerations. As a tuning experiment planning to explore the axion mass region 
up to about 1 eV, CAST would also be sensitive to the existence of Kaluza-Klein massive states. 
Therefore, the detection of X-rays at least at two pressures may be the signature of large extra 
dimensions. From this requirement we find that CAST may test (two) large extra dimensions with 
a (common) compactification radius R down to around 250 nm if mpQ < 1/(2R), and down to 
around 370 nm if 1/(2R) < mpQ, where mpq is the Peccei-Quinn mass. 

PACS numbers: ll.10.Kk, 14.80.Mz, 96.60.Vg 



I. INTRODUCTION 

A few years ago an approach was put forward [l| in 
which heavy mass scales in four dimensions could be re- 
placed by lighter mass scales in higher dimensions. Such 
a class of theories is nowadays conventionally considered 
in the context of the brane paradigm. In one class of mod- 
els extra dimensions are felt only by gravity (as well as 
other fields transforming as singlet under the Standard- 
Model gauge group); in the other class they are felt also 
by gauge fields. In the former case, the Standard-Model 
fields are confined to a (3+l)-dimensional subspace of 
a higher-dimensional space some dimensions of which 
are compactified with a relatively large radius. The ab- 
sence of any observed deviation from ordinary Newto- 
nian gravity in Cavendish-type laboratory experiments 
implies that the largest compactification radius is smaller 
than around 0.2 mm 0. 

The main goal in both classes of models is to pro- 
vide a unified theory in which the electroweak scale 
Mw ~ 10 2 GeV and the high energy scales (Planck 0, 
string Q, and GUT scales can coexist. The same 
scenario has also been successfully applied to neutrino 
as well as to axion phenomenology. Namely, a higher- 
dimensional seesaw mechanism may provide light neu- 
trino masses without heavy mass scales Similarly, 
axion invisibility can be achieved in extra dimensions 
even with a low fundamental Peccei-Quinn (PQ) scale 

B- 

The CERN Axion Solar Telescope (CAST) is designed 
to search for solar axions of a broad energy spectrum 
which peaks at about 4 keV, through their conversion 
into real photons inside the transverse magnetic field 
Q. This telescope may improve the current labo- 
ratory bounds on the axion-photon coupling, g ail < 
6 x 10- 10 GeV" 1 for m < 0.03 eV and g ajl < 6.8 - 
10.9 x 10- 10 GeV- 1 for m - 0.05 - 0.27 eV ||, by a 
factor of ten or even more. It also has the potential 
to extend for the first time the axion searches beyond 



the limit g ail ^ lO -10 GeV -1 arising from astrophys- 
ical constraints on anomalous energy loss by stars jlCj . 
Although the CAST telescope could in principle be sen- 
sitive to axion masses in the range of a few keV, the 
coherence-loss constraints 0, 0] reduce the sensitivity 
down to around 1 eV. 

The first goal of the present note is to interpret 
prospects of CAST in the light of the theory with large 
extra spatial dimensions. We focus on the case when the 
limit on the size of two large extra compact dimensions 
is set by direct tests of gravity [3] • Our second goal is to 
explore the potential of CAST for testing the presence of 
large extra dimensions. 



II. QCD AXIONS AND CAST 

Axions are pseudoscalars arising in models which re- 
solve the strong CP problem in quantum chromodynam- 
ics (QCD) by the PQ mechanism Owing to their 

potential abundance in the early universe, they are also 
well-motivated candidates for the dark matter of the uni- 
verse. In both classes of (conventional) invisible axion 
models referred to as KSVZ or hadronic axion models 01 
(where axions do not couple to electrons at tree level) and 
DFSZ or grand unified theory (GUT) models 0, the 
axion-photon coupling strength is given by the relation 
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Here E/N is a model-dependent numerical parameter for 
hadronic axions, while for DFSZ axions E/N = 8/3. Fur- 
thermore, the mass of the (QCD) axion topq is related 
to the PQ symmetry breaking scale /pq by 
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In order to avoid ambiguities owing to the model- 
dependence of the parameter E/N for hadronic axions, 
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it proved more convenient to make constraints on the 
axion-photon coupling than on the PQ energy scale or 
on the axion mass. 

In contrast, cosmological considerations and astro- 
physical arguments (i.e., axion emission due to nucleon- 
nucleon bremsstrahlung from the supernova SN 1987A) 
bound the axion mass into two possible ranges [l6| . The 
first window is 10 -5 eV < topq < 10~ 2 eV, in which 
case the axion could constitute the cold dark matter of 
the universe. The second one, being around ten to twenty 
electronvolts, appears to be of interest for hot dark mat- 
ter. However, such astrophysical constraints on topq, 
although the most stringent, suffer from statistical weak- 
ness (with only 19 neutrinos being observed) as well as 
from all uncertainties related to the axion emission from 
a hot /dense medium. It is therefore of crucial importance 
to probe the axion properties in a model-independent way 

EEd ram 

Currently, laboratory searches for solar axions |!J, [13, 

Il9l |20| are being extended by the CAST experiment at 
CERN. This telescope uses a decommissioned LHC pro- 
totype magnet with a field of 9 T and a length L of 10 
m. The magnet contains two straight beam pipes with 
an effective cross sectional area S — 2 x 14 cm 2 , and is 
mounted on a moving platform with low-background X- 
ray detectors on either end allowing it to track the Sun 
about 3 hours per day. 

Hadronic axions could be produced abundantly in the 
core of the Sun by the Primakoff conversion of the black- 
body photons in the Coulomb fields of nuclei and elec- 
trons in the solar plasma. The outgoing axion flux is 
robust and does not depend on subtle details of the solar 
model. It is approximately given by '21] 
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Here d<&(E)/dE is the axion flux at the Earth, differ- 
ential with respect to axion energy (E), and expressed 
as a function of axion mass (to). The quantities E, 
p = v E 2 — to 2 , and to are to be taken in keV. The proba- 
bility for an axion-to-photon conversion in the presence of 
a transverse magnetic field (B) and a refractive medium 
(i) is given by [lj 
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where qi = Kto 2 ^ — m 2 )/2E\ is the momentum differ- 
ence between photons in the medium and axions, and /ii 
denotes the inverse absorption length for X-rays. The 
effective mass (plasma frequency) for an X-ray in He can 
be described in terms of the operating pressure Pi (at 
300 K) as to 7 i/1 eV « y/ (Pi/1 atm)/15 . The coherence 
condition qi L < tt 0] requires to < 0.02 eV for a photon 



energy of 4.2 keV (the average axion energy) and a co- 
herence length of 10 m in vacuum. To search for axions 
more massive, coherence can be restored by filling the 
magnetic conversion region with buffer gas. Integrating 
over all axion energies, the expected number of photons 
JV 7 i(m), being detected during the times of solar align- 
ment with the magnet (ti), is finally 



d<P(E) 
dE 
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assuming 100% detection efficiency for the conversion 
X-rays. At a fixed pressure P,, the response of CAST 
will be a sharply peaked function of the actual ax- 
ion mass to, with the fractional resolution Am/m^i w 
5.2 x 10~ 4 (TO 7 i/l eVV" 2 . A general analysis of the ex- 
perimental prospects Q explores the full two-dimensional 
(TO,<7a 77 ) space for QCD axions rather than the narrow 
band defined by conventional axion models (although it 
remains the best-motivated region), as it is shown in 
Fig. [21 The experiment is being operated in a scanning 
mode in which the gas pressure is varied in appropriate 
steps (1 yr with vacuum, an additional 1 yr with a He gas 
pressure increased from 0-1 atm in 100 increments, and 
an additional lyr with 1-10 atm in 365 increments) to 
cover a range of possible axion masses up to 0.82 eV. 



III. CAST AND LARGE EXTRA DIMENSIONS 

Large extra dimensions aim to stabilize the mass hier- 
archy (i.e., the hierarchy between the Planck scale and 
the electroweak scale) by producing the hugeness of the 
Planck mass Mp\ via the relation 
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where V n = R n is the full volume of the compactified 
space, and the fundamental scale is set at Md ~ TeV. 
As already stressed, a singlet higher-dimensional axion 
field is also free to propagate into the bulk and therefore 
a similar volume-suppressed formula can be used to lower 
the fundamental Peccei-Quinn symmetry-breaking scale 

/pqEHIH 
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where Ms is the string scale, Ms ~ Mjj. Since the phe- 
nomenologically allowed region for /pq (also generating 
the coupling between the axion and matter) is such that 
/pq Mpi, the axion must be restricted to a subspace 
of the full higher-dimensional bulk (<5 < n), if /pq is to 
reside in the TeV-range 0. Still, 5 = n is possible for 

/pq« Tevjam. 

In Ref. Q the full generalization of the higher- 
dimensional PQ mechanism was given, including a thor- 
ough discussion of how extra space dimensions may con- 
tribute to the invisibility of the PQ axion. All new 
phenomena contributing to the invisibility of the axion 
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and found there rely on a nontrivial axion mass ma- 
trix. Such a matrix is induced by a mixing between the 
four-dimensional axion and the infinite tower of KK ex- 
citations. The most interesting phcnomcnological con- 
sequence implied by such a mixing is a decoupling of 
the mass eigenstate of the axion from the PQ scale (for 
topq > (l/2)R~ 1 ). Since this feature is crucial for our 
considerations here, we discuss it in more detail below. 

Now, we can focus on the higher-dimensional case by 
considering first the KK decomposition of the axion field. 
As a major step, we need to calculate the estimated num- 
ber of X-rays at the pressure Pi as a function of the KK 
axion mass. The masses of the KK modes are given by 
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where we assume that all n extra dimensions are of the 
same size R. When the mass splitting for the size R (~ 
1 /R) is sufficiently smalLone is allowed to use integration 
instead of summation |24j . We have already mentioned 
that because of the nontrivial axion mass matrix, neither 
the four-dimensional axion nor the KK states represent 
the mass eigenstates. Instead, the eigenvalues are given 
as solutions to the transcendental equation Q 
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Hence, in order to estimate the number of modes with the 
KK index between n and n + dn, one should parameterize 
the whole set of eigenvalues of @. This can be done 
by solving for two limiting cases, tupqR ^> 1 and 
topq-R <C 1. We find for the eigenvalues 
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1,2,... if m PQ i?<l, (10) 



and 



2n + 1 

A n ~ OD , 71 = 0,1,2,... if TO PQ i?>l. (11) 

The results from Ref. [g, where only the mass of the 
axion zero-mode was estimated, can now be easily re- 
produced from our expressions 110H and (|llfl . In Fig. 
we show the mass of the first KK state as a function of 
topq-R. It can be seen how the mass quickly approaches 
its limiting value (3/2)i? _1 . A similar feature was found 
in Ref. [6( for the zero-mode. Finally, the total number 
of X-rays due to all modes of the KK tower reads 
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FIG. 1: The mass of the axion first-mode as a function of the 
dimensionless product mpQ_R, where mpQ is given by Eq. (|5J. 



where Sg = 2n s / 2 /T(8 /2) is the surface of a unit radius 
in 5 dimensions and G(m) is defined as 
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with to = to/topq and y = 1/mpQ-R. The function G(to) 
arises from the mixing between the KK axion modes en- 
tering the KK decomposition of the higher-dimensional 
axion field and the corresponding normalized mass eigen- 
states 0. It also implies both production and detection 
of KK axions to occur on our Standard-Model brane. The 
function G(m) also incorporates the effect of rapid deco- 
herency 0] of the only linear combination of KK states of 
the bulk axion which couples to Standard-Model fields. 
This means that the production and subsequent detec- 
tion of this particular linear combination of KK states 
are strongly suppressed. As a consequence our results al- 
ways reflect a volume-suppressed coupling <7 a77 ~ 1//pq. 
If it was not for the decoherency, the linear combination 
would be coupled to photons with an unsuppressed cou- 
pling 1// P Q. 



IV. DISCUSSION 

In order to achieve an upper limit on the coupling of 
the axion to photons from the prospects of CAST in the 
framework of large extra dimensions, we apply the central 
limit theorem at 3 a level 



/5> 



(15) 



where Nb i is the background of the X-ray detector (with 
numerical values taken from Ref. 0). For the sake of 
simplicity, it is assumed that all axions have an average 
energy of 4.2 keV. Combining Eq. {THJl with Eqs. ©-© 
and H12(l - (|14|l for the case of two extra dimensions (we 
take the largest compactification radius of 0.150 mm as 
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FIG. 2: Limits on the axion-photon coupling g all as a func- 
tion of the fundamental PQ mass mpQ. The solid line, corre- 
sponding to prospects of CAST for QCD axions, is obtained 
using numerical values from Ref. • The dashed region marks 
the theoretically favored relation between g ajl and mpq in 
axion models in four dimensions. The dashed and dot-dashed 
line correspond to prospects of CAST for KK axions in the 
case of two extra dimensions (R = 0.150 mm) for 8 — 1 and 
for 5 = 2, respectively. 

set by direct tests of Newton's law Q), we have derived 
limits on the axion-photon coupling g aT y as a function of 
the fundamental PQ mass, as shown in Fig. [21 Although 
the multiplicity of KK states to which CAST could be 
sensitive is large (~ 10 3 for 6=1 and ~ 10 6 for 6 = 2), 
one can see from Fig. [21 that the upper limit on <? a77 is 
only at most an order of magnitude more stringent than 
that obtained in conventional theories. This is due to the 
fact that CAST is a tuning experiment, i.e., the coher- 
ence condition at a fixed pressure is fulfilled only within 
a very narrow window of axion masses around m m 7 j . 
The corresponding width ranges (depending on pressure) 
from ~ 10~ 2 eV down to ~ 1CP 3 cV. Another feature vis- 
ible in Fig. [21 is a strong decrease in sensitivity to g ail 
for itipqR > 20 if 6 = 2 and for somewhat lower values 
if 5 = 1. This is due to the fact that in the regime 
mpQ-R ^> 1, G(m) decreases as fast as l/(mpQi?) 8 . 
It is just the regime in which the obtained limits on 
ga-y-y cannot be coupled with the zero-mode axion mass 
(m a « (1/2)R~ 1 = 6.6 x lCT 4 eV) via relations fl) and 
(J2J because in higher dimensions the mass of the axion 
is approximatively given as m a m min((l/2)i? _1 , jtipq) 



. In contrast with the case of ordinary QCD axions, 
in theories with large extra dimensions zero-mode axions 
with masses outside the favored band (as determined by 
conventional axion models in four dimensions) arise quite 
naturally. 

Now we would like to point to a new phenomenon pre- 
dicted for CAST: sensitivity to particular KK axions. We 
have already noted that physical KK modes are given by 
Eqs. (fTOf) and |(TTJ. It is expected that more than one 
axion signal may be observed at different pressures of 
the gas. Therefore, the detection of the corresponding 
X-rays at least at two pressures may be the signal for 
the presence of large extra dimensions. As the CAST 
experiment is scanning the range of axion masses up to 
0.82 eV, this requirement actually defines a sensitivity of 
the experiment to test the compactification radius. From 
Eqs. JTJJl and (JTTJ we obtain R > 370 nm if m PQ i? > 1 
andi? > 250nmifTO PQj R < 1, with g ail ~ 10" 10 GeV _1 . 
It should be noted here that with the CAST sensitivity 
to g a -yy the former result holds only for tupqR > 1; for 
TOpQi? 1 the sensitivity rapidly decreases due to the 
suppression from the G(m) function. The present modi- 
fications of CAST may increase its sensitivity to <? Q77 by 
a factor of 1.5 providing the sensitivity as mentioned 
above is of the order of that derived from the solar age 
consideration [2^. Note that in a recent review of the 
Particle Data Group [2(| the bound on R for the case 
of two extra dimensions, coming from astrophysics, was 
listed to have a value within the range 90 to 660 nm (for 
the most stringent constraints, see the recent work 27]). 

In conclusion, we have explored the potential of the 
CAST experiment for observing KK axions coming from 
the solar interior. Because of the restrictive coherence 
condition, in theories with two extra dimensions (with 
R = 0.150 mm) a sensitivity in axion-photon coupling 
improves at most one order of magnitude in both data 
taking phases. In this case, the obtained limit on <? Q77 
cannot be coupled with the mass of the axion, which is 
essentially given by the (common) radius of the extra di- 
mensions. In addition, we have demonstrated that the 
CAST experiment, being a tuning experiment with re- 
spect to axion masses, may not be sensitive only to an 
integrated effect of KK modes up to the kinematical limit 
but also to particular KK axions. With a requirement to 
have at least two signals while changing pressure of the 
gas, we have found that CAST is capable of probing (two) 
large extra dimensions with a compactification radius R 
down to around 250 nm if topq < 1/(2R), and down to 
around 370 nm if l/(2i?) < topq. 
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